Background: Serine residues in extensin, a cell wall protein in plants, are glycosylated with O-galactose. Results: Genes encoding the serine O-␣-galactosyltransferase were isolated from Chlamydomonas reinhardtii and plants and were characterized. Conclusion: The serine O-␣-galactosyltransferases belong to a novel glycosyltransferase class existing only in the plant kingdom. Significance: The identification of novel glycosyltransferases contributes to elucidation of how protein glycosylation has evolved in plants.
In plants, serine residues in extensin, a cell wall protein, are glycosylated with O-linked galactose. However, the enzyme that is involved in the galactosylation of serine had not yet been identified. To identify the peptidyl serine O-␣-galactosyltransferase (SGT), we chose Chlamydomonas reinhardtii as a model. We established an assay system for SGT activity using C. reinhardtii and Arabidopsis thaliana cell extracts. SGT protein was partially purified from cell extracts of C. reinhardtii and analyzed by tandem mass spectrometry to determine its amino acid sequence. The sequence matched the open reading frame XP_001696927 in the C. reinhardtii proteome database, and a corresponding DNA fragment encoding 748 amino acids (BAL63043) was cloned from a C. reinhardtii cDNA library. The 748-amino acid protein (CrSGT1) was produced using a yeast expression system, and the SGT activity was examined. Hydroxylation of proline residues adjacent to a serine in acceptor peptides was required for SGT activity. Genes for proteins containing conserved domains were found in various plant genomes, including A. thaliana and Nicotiana tabacum. The AtSGT1 and NtSGT1 proteins also showed SGT activity when expressed in yeast. In addition, knock-out lines of AtSGT1 and knockdown lines of NtSGT1 showed no or reduced SGT activity. The SGT1 sequence, which contains a conserved DXD motif and a C-terminal membrane spanning region, is the first example of a glycosyltransferase with type I membrane protein topology, and it showed no homology with known glycosyltransferases, indicat-ing that SGT1 belongs to a novel glycosyltransferase gene family existing only in the plant kingdom.
Serine O-␣-galactosylation is a plant-specific post-translational modification of proteins that is found in extensins and arabinogalactan proteins (AGPs), 2 which are members of the hydroxyproline-rich glycoprotein (HRGP) family. HRGPs consist of a superfamily of plant cell wall proteins that are subdivided into three families, extensins, AGPs, and proline-rich proteins (1) (2) (3) (4) (5) (6) . The proline residues of HRGPs are hydroxylated by prolyl-4-hydroxylases (P4Hs) to yield hydroxyproline (Hyp) residues in the endoplasmic reticulum (ER) or cis-Golgi apparatus, and these Hyp residues are then modified by various O-glycosylation steps (7) . Hydroxyproline O-galactosyltransferase (HGT), for which the gene was recently identified, transfers O-linked ␤-galactose to alternating Hyp residues such as Xaa-Hyp-Xaa-Hyp repeats in AGPs (8 -11) . It was reported that only one galactose (Gal) was added per peptide molecule to the C-terminal or penultimate Hyp residue of the (alanine-Hyp) 7 peptide based on an in vitro assay using microsomal membranes of Arabidopsis thaliana (12) , and subsequently, a large arabinogalactan structure is assembled (13, 14) . In addition, galactosylation of serine residues in AGPs is also reported (15, 16) . Large carbohydrate blocks, which are estimated to be arabinogalactan components, are linked to the serine residues in AGPs of Acacia senegal (gum arabic) (17) . It was revealed that one member of the AGPs is involved in the differentiation * This work was supported by grants from the Ministry of Economy, Trade and of the tubular element of vascular bundles; thus, AGPs are not simply a structural component of cell walls (18 -20) .
Extensins have continuous Hyp residues that can be found in the sequence Ser-Hyp-Hyp-Hyp-Hyp, which is called an extensin motif (21) . The continuous Hyp residues in this motif are modified with O-arabinofuranose (22) , and oligoarabinose is constructed by the addition of several arabinose residues. Recently, three hydroxyproline O-arabinosyltransferase genes (HPAT1-3: At5g25265, At2g25260, and At5g13500), involved in ␤-arabinofuranosylation of hydroxyproline, were identified in A. thaliana (23) . After the ␤-arabinofuranosylation of Hyp residues, oligoarabinose structures are constructed. It is reported that RRA1-3 (reduced residual arabinose 1-3: At1g75120, At1g75110, and At1g19360) enzymes transfer ␤-1,2-linked arabinofuranose to the arabinofuranose residues that are linked to Hyp residues, and the XEG113 (At2g35610) enzyme further transfers ␤-1,2-linked arabinofuranose (24, 25) . Consequently, the oligoarabinose structures consist of 1-4 arabinofuranose residues in plants (22) . Extensins are considered to polymerize each other by intermolecular cross-linking via tyrosine residues, to reinforce cell walls by fixing the distance of fine cellulose fibers (26) , and to have a role as a negative regulator of cell extension (27) , although the function of extensins in the cell wall is not fully understood. It was reported that the addition of the correct oligoarabinose to Hyp residues of extensins is essential for root hair growth by analyses using mutants of rra1-3 and xeg113 arabinosyltransferase genes (24, 25) , and loss-of-function mutations in HPAT-encoding genes cause pleiotropic phenotypes (23) . The serine residue in the extensin motif is also modified with ␣-linked galactose (Ser-O-␣Gal) (28 -31) . However, there have been no reports on the role of Ser-O-␣Gal in plants, due to the lack of identification and characterization of peptidyl serine O-␣-galactosyltransferase (SGT). Thus, it is essential to identify the responsible genes to understand the role of Ser-O-␣Gal.
In this report, we chose Chlamydomonas reinhardtii as a model organism to identify SGT genes. The unicellular alga C. reinhardtii has a cell wall formed entirely from HRGPs, lacking abundant carbohydrate polymers. HRGPs of C. reinhardtii are similar in several aspects to extensins in higher plants (32) . Because culture and homogenization of C. reinhardtii are much easier than other model plant like A. thaliana, we selected the C. reinhardtii cell wall-less mutant (CC-503) for partial purification of SGT. Using this mutant cell, we established an assay system for SGT, partially purified the SGT protein, determined the SGT partial amino acid sequence, and cloned the SGT gene. Based on the amino acid sequence obtained from C. reinhardtii, we further cloned and characterized SGT genes of higher plants such as A. thaliana and Nicotiana tabacum. This study revealed that the SGT gene is a member of a novel gene family with no homology to any known glycosyltransferases, yet is widely conserved in the plant kingdom, from green algae such as Chlamydomonas to higher plants such as Arabidopsis and Nicotiana. Sucrose density gradient centrifugation indicated that AtSGT1 is predominantly localized to the ER. In addition, we investigated phenotypes of AtSGT1 mutants and found that SGT has some role in determining the size of plants.
EXPERIMENTAL PROCEDURES

Plant Materials
C. reinhardtii CC-125 and cell wall-less mutant CC-503 were purchased from the Chlamydomonas Resource Center (University of Minnesota, St. Paul, MN), and grown in 12-liter vessels containing 10 liters of medium (0.2% tryptone, 0.1% Bactopeptone, 0.2% yeast extract, 0.1% sodium acetate, 0.001% CaCl 2 ) under visible light at 23°C for 3 days. Seeds of A. thaliana (Col-0, SALK_059879C, and SALK_054682) were obtained from the Arabidopsis Biological Resource Center (Columbus, OH). Because SALK_054682 is a heterozygous mutant, we obtained a homozygous mutant from the T4 generation by genomic PCR. A. thaliana cells from calli derived from sterilized seeds were grown in 0.1 liter of Murashige and Skoog medium supplemented with 1 mg/liter 2,4-dichlorophenoxyacetic acid and 3% sucrose and shaken at 110 rpm at 23°C for 1 week. Plants of A. thaliana were grown at 23°C under long-day conditions consisting of 14.5 h of light on Murashige and Skoog medium or soil. Tobacco BY-2 cells were grown as previously described (7) .
Preparation of Microsomal Fractions
Cell extracts of C. reinhardtii CC-503 mutant cells were prepared from cells grown in 10 liters of medium. After cells were collected by centrifugation and lysed in 400 ml of a buffer containing 10 mM Tris-HCl, pH 7.6, and 0.1% Triton X-100, the cell lysates were centrifuged at 3000 ϫ g, and the supernatants (S10) were ultracentrifuged at 100,000 ϫ g for 60 min at 4°C to obtain an ER-and Golgi-enriched pellet (P100) and a cytosolic supernatant (S100). P100 was suspended in buffer containing 25 mM Tris-HCl, pH 7.6, 0.5% Triton X-100, 10% glycerol, and 0.1 M NaCl at 4°C. After ultracentrifugation of the suspended P100 at 100,000 ϫ g, the resulting supernatant (CrP100) was used as a crude enzyme solution. Calli of A. thaliana and N. tabacum (BY-2) cells were harvested using filter paper and then lysed in liquid nitrogen using a mortar and pestle. The lysed cells were suspended in buffer containing 10 mM Tris-HCl, pH 7.2. The suspension was centrifuged at 3000 ϫ g for 10 min at 4°C to remove cell debris. The resultant supernatants were centrifuged at 100,000 ϫ g for 1 h at 4°C, and the pellets were suspended and dialyzed in buffer containing 20 mM MOPS, pH 7.0, 10% glycerol, and 0.5% CHAPS to prepare the microsomal fraction. Protein concentration was measured by the BCA Protein Assay Reagent (Thermo Fisher Scientific, Waltham, MA).
Acceptor Peptide
We used AtEXT peptide (FITC-Ahx-VYKSOOOOV-NH 2 , M r 1519.1), VYKAOOOOV peptide (FITC-GABA-VYKAOOOOV-NH 2 , M r 1504.5), AtEXT-P peptide (FITC-Ahx-VYKSPPPPV-NH 2 , M r 1453.7), and AtEXTa peptide (FITC-GABA-KSOOOO-NH 2 , M r 1159.1) as acceptors for SGT assay. ⑀-Aminocaproic acid sequences (Ahx) or ␥-aminobutyric acid (GABA) was used as spacers. O indicates hydroxyproline. These peptides were purchased from Greiner Bio-One (Kremsmuenster, Austria) or AnyGen (Gwang-ju, Korea).
Assay of Peptidyl SGT Activity
Assay mixtures contained the following in a total volume of 6.25 l: 5 mM UDP-galactose, 25 M acceptor peptide, 0.1 M MOPS-NaOH buffer, pH 7.0, containing 0.1% Triton X-100 (w/v final concentration), 5 mM MnCl 2 , 2 mM EDTA, and 2.5 l of the various enzyme fractions. Mixtures, including enzyme fractions, were incubated at 30°C for 1-12 h. Reactions were stopped by heating at 95°C for 5 min.
HPLC Analysis
Enzymatic products were separated by reverse-phase HPLC (Cosmosil column 5C18-AR-II inner diameter, 4.6 ϫ 250 mm, Nacalai Tesque, Kyoto, Japan). They were eluted by a linear gradient of 22-22.5% acetonitrile containing 0.05% trifluoroacetic acid (TFA) for 30 min (AtEXT peptide), 25-26% for 40 min (AtEXT-P peptide), and 15-22.5% for 30 min (AtEXTa peptide) at a flow rate of 1 ml/min and detected by fluorescence at 530 nm (excitation, 488 nm) with a model RF-10A XL fluorescence detector (Shimadzu, Kyoto, Japan).
␤-Elimination
␤-Elimination was carried out in a solution containing 1% triethylamine, 0.5% NaOH and 20% ethanol by incubation at 50°C for 5 h (33) . Products were purified with a Sep-Pak Light C18 cartridge (Waters, Milford, MA) and then analyzed by mass spectrometry.
Mass Spectrometric Analysis
Enzymatic products were collected, lyophilized, and suspended in deionized water. The matrix used for mass spectrometry was ␣-cyano-4-hydroxycinnamic acid (Sigma), which was dissolved in acetonitrile/water (5:5, v/v) containing 0.1% TFA at 10 mg/ml. Equal volumes (1 l each) of sample and matrix solution were mixed and dried on the target plate, followed by MALDI-TOF-MS. Mass spectra were obtained using an Ettan MALDI-ToF mass spectrometer (GE Healthcare) in the positive-ion mode.
Galactosidase Treatment
We used ␤-galactosidase from Aspergillus oryzae (Sigma) and ␣-galactosidase from guar seed (Megazyme, Wicklow, Ireland). Samples were incubated with 0.25 units of ␤-galactosidase at 30°C or 0.1 unit of ␣-galactosidase at 40°C for 3 h. Reactions were stopped by heating at 95°C for 5 min.
Monosaccharide Analysis
O-Glycosylated peptides were incubated in 4 M TFA at 100°C for 3 h and dried. After N-acetylation, the hydrolysates were labeled with fluorescent 2-aminopyridine using the Palstation pyridylamination reagent kit (Takara Bio, Shiga, Japan). The pyridylamino (PA)-labeled monosaccharides were purified (34) and analyzed by HPLC using a TSKgel sugar AXI column (inner diameter, 4.6 ϫ 150 mm, Tosoh, Tokyo, Japan) at a flow rate of 0.3 ml/min with 0.7 M potassium borate, pH 9.0, containing 10% acetonitrile at 65°C. The PA-labeled monosaccharides were detected by fluorescence intensity at 380 nm (excitation wavelength 310 nm). PA-glucose, PA-mannose, and PA-galactose were detected at 55, 62, and 97 min, respectively (35) .
MS/MS Analysis
Proteins recovered from gel pieces were analyzed using LC-MALDI-MS/MS by Theravalues (Tokyo, Japan).
Cloning and Expression of SGT1 in Yeast Pichia pastoris
CrSGT1-CDϩUR and CrSGT1-CD gene fragments were amplified by PCR using the cDNA library (Chlamydomonas Resource Center) as a template and the following primer sets: CrSGT1-CDϩUR, 5Ј-GCTTCAGCGGAGGAGCCGGGCT-TCG-3Ј and 5Ј-CTAGGTATTGAGGCGGCCCAACAGCG-A-3Ј, and CrSGT1-CD, 5Ј-GCTTCAGCGGAGGAGCCGGG-CTTCG-3Ј and 5Ј-CTACTCCTTCCACTCCTCGCACTTG-GG-3Ј. AtSGT1-CD1ϩCD2, AtSGT1-CD1, and AtSGT1-CD2 gene fragments were amplified by PCR using cDNA clone pda06988 (RIKEN BioResource Center, Tsukuba, Japan) as a template and the following primer sets: AtSGT1-CD1ϩCD2, 5Ј-CAAATGGCACCGTATCGGATCCAC-3Ј and 5Ј-TCAC-AACGTGCTGAATCTCCCTTCAGA-3Ј; AtSGT1-CD1, 5Ј-CAAATGGCACCGTATCGGATCCAC-3Ј and 5Ј-TCAGAA-AGTTTTGCTCTTCAGAAAGCT-3Ј; and AtSGT1-CD2, 5Ј-ATGGAGTTAACAAGGCCTAAACTG-3Ј and 5Ј-TCACAA-CGTGCTGAATCTCCCTTCAGA-3Ј. NtSGT1-CD2 gene fragment was amplified by PCR using cDNA of N. tabacum as a template and following primer sets: 5Ј-GCAGAACTAAGTC-GGCCAAA-3Ј and 5Ј-TCTCATGGAACTGAATGTCC-3Ј. The cDNA of N. tabacum was prepared using rapid amplification of cDNA ends (36) . Recombinant proteins of SGT1s were expressed using the Pichia expression kit (Invitrogen). To express recombinant SGT1s with His 6 -3ϫFLAG tags at the N terminus, each SGT1 gene fragment, amplified by the above PCRs, was inserted into the AvrII site of pPIC9, and His 6 -3ϫFLAG tags were inserted into XhoI/EcoRI site of the multiple cloning site of pPIC9. These expression plasmids were introduced into P. pastoris cells using the lithium acetate method (37) . The transformants were precultured in 0.2-5 liters of YPAD medium (2% Bacto-peptone, 1% yeast extract, 2% glucose, and 40 mg/liter adenine sulfate) at 30°C for 3 days. Pichia cells were harvested and resuspended in same volume of BMMY medium (2% Bacto-peptone, 1% yeast extract, 1.34% yeast nitrogen base, 0.1 M potassium phosphate, pH 6.0, and 0.5% methanol) containing 2% casamino acids. For induced expression of recombinant SGT1s, Pichia cells were cultured with 0.5% methanol/day at 25°C for 3 days. CrSGT1-CDϩUR, CrSGT1-CD, and NtSGT1-CD2 proteins were partially purified using Ni-Sepharose 6 Fast Flow (GE Healthcare) and anti-FLAG M2 affinity gel (Sigma) from the supernatants of culture. AtSGT1-CD1ϩCD2, AtSGT1-CD1, and AtSGT1-CD2 proteins were partially purified using Ni-Sepharose 6 Fast Flow and anti-FLAG M2 affinity gel from the cell lysates after the induction of expression, because we could not obtain enough protein for the assay from the culture supernatants.
Immunoblotting and Antibodies
The following antibodies were used for immunoblotting. Anti-FLAG was purchased from Sigma. Anti-AtSGT1 antibody was specific for the C-terminal sequence (RNKRRTSYSNTG-FLDTK) of AtSGT1 and was produced by Operon Biotechnology (Tokyo, Japan). Anti-PIP1 (38) and anti-Sec61 (39) antibod-ies were described previously. Anti-BiP and JIM84 antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX) or CarboSource Services (Athens, GA). Anti-AtTLG2a (40) was kindly provided by Dr. N. V. Raikhel. Each primary antibody was used at a dilution of 1:1000 to 1:10,000. We then used antimouse IgG conjugated with HRP (Sigma) and anti-rabbit IgG conjugated with HRP (Cell Signaling Technology, Danvers, MA) to detect the following: anti-AtSGT1, anti-Sec61, anti-AtTLG2a, and anti-PIP1; anti-rat IgM conjugated with HRP to detect JIM84; or anti-goat IgG conjugated with HRP (Santa Cruz Biotechnology) to detect anti-BiP. In each case, secondary antibodies were used at a dilution of 1:5000. An ECL Plus kit (GE Healthcare) was used to visualize the immunoreactive proteins. Chemiluminescent signals on a polyvinylidene difluoride membrane were recorded using a LAS-3000 imaging system (Fujifilm, Tokyo, Japan).
Purification of CrSGT1 Protein
All purification steps were performed at 4°C. Buffers used were as follows: Buffer A, 25 mM Tris-HCl, pH 7.6, containing 10% glycerol, 0.2% Triton X-100, and 500 mM NaCl; Buffer B, Buffer A containing 50 mM glycine; Buffer C, 20 mM Tris-HCl, pH 8.5, containing 10% glycerol and 0.1% Triton X-100; Buffer D, Buffer C containing 200 mM NaCl; Buffer E, 25 mM 1-methylpiperidine, pH 8.5, containing 10% glycerol and 0.1% Triton X-100; Buffer F, Buffer E containing 200 mM NaCl; Buffer G, 25 mM MOPS, pH 7.0, containing 10% glycerol, 0.5% CHAPS, and 500 mM NaCl; and Buffer H, 25 mM MOPS, pH 7.0, containing 10% glycerol and 0.5% CHAPS.
Step 1. Chelating Sepharose FF Chromatography-4 liters of CrP100 were applied to a column of chelating Sepharose FF (GE Healthcare) (inner diameter, 5 ϫ 5 cm) charged with Ni 2ϩ and equilibrated with Buffer A. After washing the column with Buffer A, enzyme was eluted with 500 ml of Buffer B.
Step
First DEAE-Sepharose FF Chromatography
Step-The enzyme fraction obtained in step 1 was dialyzed against Buffer C and applied to a column of DEAE-Sepharose FF (GE Healthcare) (inner diameter, 1.5 ϫ 11 cm) equilibrated with Buffer C. SGT was eluted with 0.2 liters of Buffer D increased linearly from 0 to 100%.
Step 3. Second DEAE-Sepharose FF Chromatography Step-The enzyme fraction obtained in step 2 was diluted 10-fold with Buffer E and then applied to a column of DEAE-Sepharose FF (GE Healthcare) (inner diameter, 0.7 ϫ 13 cm) equilibrated with Buffer E. SGT was eluted with 50 ml of Buffer E increased linearly from 0 to 100%.
Steps 4 and 5. Sephadex G-200 Gel Filtration-The enzyme fraction obtained in step 3 was concentrated to 0.25 ml using a Microcon YM-30 filter (Millipore, Billerica, MA) and then applied to a Sephadex G-200 column (GE Healthcare) (inner diameter, 2.5 ϫ 15 cm) equilibrated with Buffer G. SGT was eluted with the same buffer.
Step 6. Native PAGE-Native PAGE was performed on a 6% polyacrylamide gel (Wako, Osaka, Japan), at 4°C according to the method of Ornstein-Davis method (41, 42) . All lanes were cut into 5-mm pieces, and each slice was homogenized. Protein was extracted with 2.5 ml of Buffer H and then concentrated to 25 l using a Microcon YM-30 filter (43).
Step 7. Isoelectric Focusing (IEF)-PAGE-IEF was performed on a pH 3-10 IEF gel (Invitrogen) at 4°C. All lanes were cut into 5-mm pieces, and each slice was homogenized. Protein was extracted with 2.5 ml of Buffer H and then concentrated to 12 l using a Microcon YM-30 filter.
Production of RNAi Construct and Transformation of Tobacco BY-2 Cells
The following methods were used for the preparation of an RNAi construct for NtSGT1. The intron 1 from castor bean catalase 1 gene (44) with BamHI and KpnI sites at the 5Ј and 3Ј ends, respectively, were amplified by PCR using 5Ј-GGCGGG-ATCCCTACAGGGTAAATTTCT-3Ј and 5Ј-GGCGGGTAC-CGGTTCTGTAAC-3Ј as primers and pIG121-Hm (45) as a template. The resultant fragment was digested with BamHI and KpnI and cloned into the multiple cloning site of pUC19 to yield pUC19-intron1. A fragment of NtSGT1 corresponding to the 296th and 844th position of the NtSGT1 cDNA with a SalI site at the 5Ј end and BglII and SphI sites at the 3Ј end was amplified by PCR using 5Ј-AGATTGTCGACTTGCACTGATGAAGA-GAGGAAG-3Ј and 5Ј-GAATAGCATGCAGATCTATCATC-AAGTTATCATTAATC-3Ј as primers and the NtSGT1 cDNA as a template. The resultant fragment was digested with SphI and SalI and cloned into the multiple cloning site of pUC19-intron1 to yield pUC19-SGT-intron1. Another fragment of NtSGT1 corresponding to the 296th and 844th position of the NtSGT1 cDNA with KpnI at the 5Ј end and EcoRI and HindIII sites at the 3Ј end was amplified by PCR using 5Ј-AGATTGG-TACCTTGCACTGATGAAGAGAGGAAG-3Ј and 5Ј-GAA-TAGAATTCAAGCTTATCATCAAGTTATCATTAATC-3Ј as primers and the NtSGT1 cDNA as a template. The resultant fragment was digested with KpnI and EcoRI and cloned into the multiple cloning site of pUC19-SGT-intron1 to yield pUC19-SGT-intron1-TGS, which contains an inverted repeat of SGT fragments separated by the intron 1 of the catalase 1 gene. Thereafter, this plasmid was digested with BglII and HindIII, and the resultant fragment containing the RNAi construct was subcloned into the corresponding sites of pMAT037 (46) , which is a binary vector containing the enhancer-duplicated CaMV35S promoter before the BglII and HindIII restriction sites. The resultant plasmid was introduced into Agrobacterium tumefaciens EHA101 (47) by electroporation and used for the transformation of tobacco BY-2 cells as described (46) .
Analysis of the RNAi Effect
Identification of transformed tobacco cells that showed reduced expression level of NtSGT1 was analyzed as follows: independent colony of transformed tobacco cells or nontransformed BY-2 cells was introduced into suspension culture and subcultured weekly until the growth rate was stabilized. Fiveday-old cells in suspension culture were collected by filtration, frozen with liquid nitrogen, and ground to a fine powder using a motor and pestle. Total RNA was extracted from the cell powder using RNeasy plant mini kit (Qiagen, Hilden, Germany) as described in the manufacturer's instruction. The isolated RNA was treated with RNase-free DNase (Nippon Gene, Tokyo, Japan) and used for the preparation of cDNA using Takara RNA PCR kit (AMV) (Takara Bio) as described in the manufacturer's instruction. An aliquot of the cDNA in solution was used as a template of PCR. Semi-quantitative analysis of the expression of NtSGT1 by PCR was carried out as follows. The NtSGT1 fragment corresponding to the 1st to 365th position was amplified using the cDNAs as a template and 5Ј-GGACA-CACAAACCTTTGACT-3Ј and 5Ј-CCAGTTTTGGGATGT-CTGCT-3Ј as primers for 30 cycles using Takara EX TaqHS DNA polymerase (Takara Bio). For the reference of the expression level, a fragment of tobacco actin corresponding to the 527th to 984th position of actin cDNA from tobacco BY-2 cell (NCB accession number AB158612) was amplified using 5Ј-CAATTCTTCGGTTGGATCTTG-3Ј and 5Ј-CTTCATGCT-GCTGGGAG-3Ј as primers for 20 cycles. The cycle numbers of PCRs used here were determined to show semi-quantitative amplification results by using varied amounts of cDNA from nontransformed BY-2 cells. After the PCR, DNA fragments were separated by agarose electrophoresis, stained by SYBR Safe DNA Gel Stain (Invitrogen), and the images of fluorescence of DNA recorded using a Typhoon 9600 image analyzer (GE Healthcare) using 532 nm excitation and 526SP emission filter at the protein mannosyltransferase voltage of 450 V. Thereafter, the intensity of the bands was quantified using ImageQuant software (GE Healthcare), and the ratio of the intensities of NtSGT1 and actin cDNA was calculated. Using this value, the three most suppressed lines among 18 lines were identified and used for the analysis of SGT1 activity.
For the analysis of SGT activity, microsomes were prepared from 7-day-old cells as follows. Cells were harvested on a filter paper by filtration using a Buchner funnel and suspended with an equal weight of ice-cold homogenization buffer consisting of 40 mM HEPES-KOH, pH 7.4, 400 mM sorbitol, and 2 mM DTT. Cells were homogenized using a Potter-Elvehjem-type glass homogenizer. Homogenate was centrifuged at 10,000 ϫ g for 10 min, and the supernatant was further centrifuged at 100,000 ϫ g for 1 h. The resultant pellet was suspended into the homogenization buffer and used for the microsomal fraction to measure the SGT activity.
Sucrose Gradient
Col-0 cells were grown for 14 -20 days at 23°C. All manipulations were done on ice or at 4°C. Col-0 cells (1 g fresh weight) were homogenized with 10 ml of buffer containing 50 mM MOPS-NaOH, pH 7.0, EDTA-free complete protease inhibitor mixture (Roche Diagnostics), and either 10 mM EDTA (Buffer L) or 10 mM MgCl 2 (Buffer M). The suspensions were centrifuged at 3000 ϫ g for 10 min to remove cell debris. The supernatant was centrifuged at 100,000 ϫ g for 1 h. The precipitants were suspended with Buffer L or Buffer M. The suspensions, containing 1.0 mg of protein, were loaded onto 20% sucrose. A discontinuous gradient was formed by adding 0.5 ml of Buffer L or M containing 55, 50, 45, 40, 35, 30, 25 , and 20% sucrose. The gradient was centrifuged at 100,000 ϫ g for 18 h and collected in fractions of 280-l increments. Specific membrane fractions were identified by immunoblotting using antibodies against organelle-specific markers.
RESULTS
Establishment of Peptidyl SGT Assay
System-At first, we tried to clone SGT genes of plants based on an amino acid homology search in protein databases, but this approach was unsuccessful. In this case, conventional enzymatic purification strategy appeared to be the best way to obtain SGTs. For the purification of SGT, we chose C. reinhardtii, because biochemical approaches seem to be applicable more easily than in higher plants. A. thaliana was also used for the establishment of an SGT assay system. To establish the SGT assay system, we began by selecting suitable substrates. We synthesized common repetitive extensin peptides (AtEXT peptide, FITC-Ahx-VYK-SOOOOV-NH 2 ) as acceptors to measure SGT activity (48) . C. reinhardtii (wild-type strain CC-125 and cell wall-less mutant strain CC-503) and A. thaliana (wild-type strain Columbia-0 (Col-0)) were used as enzyme sources. From cell cultures, microsomal fractions (P100) were prepared as crude enzymes. SGT assays were performed in the presence of the above synthetic peptide and UDP-galactose with detergent-solubilized P100 samples. The resulting reaction mixture was analyzed by HPLC. One major product was detected in P100 from Col-0 and CC-125, whereas multiple products (products 1-3) were detected in P100 from CC-503 ( Fig. 1A) . We had expected to observe a single O-linked galactose at the only serine residue in the AtEXT peptide, but the results indicated that more galactose residues were added in the case of CC-503.
Structural Analysis of Enzymatic Reaction Products-Reaction products obtained with CC-503 microsomes were analyzed by mass spectrometry. Products 1 and 2 showed a single hexose addition (Fig. 2, A and B) , and product 3 contained two hexoses attached to the AtEXT peptide (Fig. 2C ). ␤-Elimination by alkaline reagents releases O-glycosylated sugars attached to serine or threonine residues but not to hydroxyproline (33) . Each product was again analyzed by mass spectrometry after ␤-elimination. No sugars were released from product 2, but a single hexose was released from product 1 (Fig. 2, D and E) . One hexose of two present was released from product 3 (Fig. 2F) . These results indicate a single hexose attached to serine in product 1 and to hydroxyproline in product 2, and two hexoses attached to serine and hydroxyproline in product 3.
Next, the products obtained with CC-503 microsomes were treated with ␣-galactosidase or ␤-galactosidase, and the resulting products were analyzed by HPLC. The peak of product 1 shifted to the position of AtEXT peptide after ␣-galactosidase treatment (Fig. 1B) . In product 2, the peak shifted to the position of AtEXT peptide after ␤-galactosidase treatment (Fig.  1C) . In product 3, the peak shifted to the position of product 2 after ␣-galactosidase treatment. Furthermore, the peak shifted to the position of the AtEXT peptide after an additional ␤-galactosidase treatment. The peak of product 3 also shifted to the position of product 1 after ␤-galactosidase treatment. Furthermore, the peak shifted to the position of the AtEXT peptide by an additional ␣-galactosidase treatment (Fig. 1D ). When the peptide FITC-GABA-VYKAOOOOV-NH 2 , in which serine was replaced with alanine, was used as an acceptor, a single product peak was detected. The product was digestible by ␤-galactosidase ( Fig. 1E ). To confirm that the sugar that was added is galactose, the monosaccharides of the products were analyzed. Galactose, but not other hexoses, was detected in all products, whereas galactose was not detected in the AtEXT peptide. The amount of galactose attached to product 3 was 2-fold higher than that of product 1 or 2 (Fig. 1F) . These results indicate that product 1 is an ␣-galactosylated AtEXT peptide O-linked at the serine residue (a result of SGT activity), that product 2 was a ␤-galactosylated AtEXT peptide O-linked at the Hyp residue (a result of HGT activity), and that product 3 had both structures. The continuous Hyp residues in extensin of plants were previously reported to be modified with O-arabinofuranose (21) and not galactose. Therefore, the detection of galactosylation of Hyp in AtEXT peptide appears to be quite unusual when the P100 fraction from Chlamydomonas cell wall-less mutant CC-503 was used for the enzyme source (see under "Discussion").
Partial Purification of SGT Protein from C. reinhardtii Cells-We chose C. reinhardtii cell wall-less mutant CC-503 for partial purification of the SGT protein, because a large amount of cell homogenate could be obtained from C. reinhardtii more easily than from A. thaliana. Cell wall-less mutation enables easy homogenization for the purification of SGT. Solubilized proteins from the P100 fraction of CC-503 were chromatographed on a series of columns as follows: a single run on a nickel-chelating Sepharose column, two runs on a DEAE-Sepharose column, and two runs on a Sephadex G-200 column ( Table 1 ). The peak fraction of activity after the second Sephadex G-200 chromatography step was separated by native PAGE, and the gels were then sliced into 5-mm sections. The proteins from the section showing the highest SGT activity were further separated by IEF-PAGE, and the gels were sliced into 12 sections (Fig. 3A) . The highest activity was detected in the ninth section by the IEF-PAGE. The proteins of each section were separated by SDS-PAGE (Fig. 3B) , and a major band at 80 -90 kDa, the intensity of which corresponded well to the enzymatic activity, was observed predominantly in the ninth section (boxed in Fig. 3B ).
Cloning of Candidate C. reinhardtii SGT cDNA-The proteins recovered from the 80 -90-kDa band were digested with trypsin, and their amino acid sequences were determined by tandem mass spectrometry. The amino acid sequences were matched with the CHLREDRAFT_150807 (NCB accession number XP_001696927) sequence of the Chlamydomonas proteome database (49) . XP_001696927 is a protein with 717 aa and includes an N-terminal signal sequence and a C-terminal transmembrane region possessing type I membrane protein topology. A DNA fragment containing the XP_001696927 open reading frame was cloned from a cDNA library obtained from the Chlamydomonas Resource Center. The cloned DNA fragment encoded a 748-aa protein (NCB accession number BAL63043), 31 aa longer than the sequence registered in the database, having two insertions and one deletion (Fig. 4A, CrSGT1) .
Confirmation of C. reinhardtii SGT1 Gene Product as Peptidyl SGT-We predicted the catalytic domain (CD) of SGT based on a homology search (described below), the transmembrane region, and an unknown region (UR) of the candidate CrSGT1 protein (Fig. 4, A and B) . Recombinant proteins of CDϩUR or CD were both tagged with His 6 and 3ϫFLAG tags at the N terminus and were expressed by P. pastoris cells, and the secreted proteins in the culture medium were purified using the affinity tags (Fig. 5A ). An SGT assay was performed with 10 ng of recombinant protein and AtEXT peptide (FITC-Ahx-FIGURE 1. A, HPLC analysis of A. thaliana and C. reinhardtii peptidyl galactosyltransferase activity. P100 fractions were prepared from A. thaliana cells (Col-0), C. reinhardtii CC-125 cells, and C. reinhardtii cell wall-less mutant CC-503 cells. The P100 fraction (100 g for A. thaliana or 10 g for C. reinhardtii) was incubated with the assay mixture described under "Experimental Procedures" containing AtEXT peptide as an acceptor at 30°C for 10 h (A. thaliana) or 3 h (C. reinhardtii) and then analyzed by HPLC. The acceptor peptide (AtEXT) was eluted at 18.8 min, and three enzymatic reaction products were detected, indicated as products 1, 2, and 3, at 15.2, 16.1, and 13.7 min, respectively (these are indicated with vertical broken lines in A-D). B-D, HPLC analysis of products after ␣and ␤-galactosidase (GSD) treatment. B shows product 1 before and after galactosidase treatment, and C shows product 2 before and after treatment. D shows product 3 before and after treatment. ␣3␤-GSD indicates product 3 treated with ␤-GSD after ␣-galactosidase treatment. ␤3␣-GSD indicates product 3 treated with ␣-galactosidase after ␤-galactosidase treatment. The sequence of AtEXT peptide was FITC-Ahx-VYK-SOOOOV-NH 2 . O indicates hydroxyproline. E, P100 fraction (10 g) of C. reinhardtii CC-503 cells was incubated in an assay mixture containing VYKAOOOOV peptide as an acceptor at 30°C for 3 h and then analyzed by HPLC. The product was collected and treated with ␤-galactosidase. F, monosaccharide analysis of products 1-3. In each case, 100 pmol of the products, the AtEXT peptide, and an authentic galactose standard were acid-hydrolyzed, labeled with PA (35), and analyzed by HPLC using a TSKgel sugar AXI column. PA-galactose was detected at 97 min, whereas PA-glucose and PAmannose were detected at 55 and 62 min, respectively (data not shown).
VYKSOOOOV-NH 2 ). A single product peak was detected in the presence of CD or CDϩUR protein (Fig. 5B ). This product showed the same retention time by HPLC as product 1 in Fig.  1A . In contrast, when AtEXT-P peptide (FITC-Ahx-VYKSP-PPPV-NH 2 ) was used as an acceptor, no product peak was detected (Fig. 5C ). This observation indicates that SGT recognizes the Hyp residues in the extensin repeat sequence. When AtEXTa peptide (FITC-GABA-KSOOOO-NH 2 ) was used as an acceptor, a single product peak was detected in the presence of CD and CDϩUR (Fig. 5D ). These products were sensitive to ␣-galactosidase (data not shown), confirming that O-linked ␣-galactose was attached to the serine residue. From these results, we concluded that the gene that we characterized encodes a SGT; this gene was named CrSGT1.
The activity of the SGT was characterized using CrSGT1-CDϩUR recombinant protein. CrSGT1 selectively utilized UDP-galactose as a donor nucleotide sugar (Fig. 6A ). CrSGT1 required Mn 2ϩ for maximum activity, was inactive in the absence of divalent cations, and showed weak activity with Fe 2ϩ , Co 2ϩ , and Zn 2ϩ , and activity was absent with Mg 2ϩ , Ca 2ϩ , and Cu 2ϩ (Fig. 6B ). SGT had an optimal pH of 6.0 and an optimal reaction temperature of 30°C (Fig. 6, C and D) . Table 2 ). According to the phylogenetic tree, CD1s and CD2s form different clusters (Fig. 4C) . These results indicate that each CD of SGT1 may have been duplicated in a primitive plant after unicellular algae, and it evolved independently during the evolution of higher plants. No proteins with the CD were found in animals or fungi, indicating that SGT is unique to the plant kingdom.
SGT1 Belongs to a Novel Glycosyltransferase Gene Family-A
To investigate SGT activity and substrate specificity of two CDs of the multicellular plant, we obtained a cDNA clone for A. thaliana homolog At3g01720 from the RIKEN BioResource Center, and we expressed its lumenal region (CD1ϩCD2, CD1, and CD2) in Pichia (Fig. 5E ). Using AtEXT peptide as a substrate, a single peak product was detected on HPLC, which eluted at the same position as product 1 in Fig. 1A (Fig. 5F) . In contrast, when AtEXT-P peptide was used as an acceptor, a product peak was barely detected (Fig. 5G) , indicating that SGT of A. thaliana also recognizes hydroxyproline in the substrate, and these products show again that it is serine that is modified with galactose. When AtEXTa peptide was used as an acceptor, a single product peak was detected (Fig. 5H) . These products had sensitivity to ␣-galactosidase (data not shown), indicating that the protein (NP_566148) encoded by At3g01720 (designated as AtSGT1) also possesses SGT activity. In addition to the AtEXTa peptide (FITC-GABA-KSOOOO-NH 2 ), three synthetic peptides (FITC-GABA-HSOOOO-NH 2 , FITC-GABA-SSOOOO-NH 2 , and FITC-GABA-YSOOOO-NH 2 ), containing sequences found in A. thaliana extensins 2-5 (AtEXT2-5), were also used as acceptors (48) . CD1ϩCD2 showed higher SGT activity against YSOOOO and KSOOOO peptides than other peptides (Table 3 ). CD1 and CD2 showed higher SGT activity against YSOOOO and KSOOOO, respectively (Table  3 ). These results indicate that an amino acid residue adjacent to the serine residue has an influence on the substrate specificity of SGT1 and that CD1 and CD2 have different preferences about amino acid sequence.
We also cloned N. tabacum SGT1 cDNA (encoding NtSGT1, 898 aa, NCB accession number BAL63045) from cDNA prepared from tobacco BY-2 cells (Fig. 4, A and B) , and we confirmed that the encoded protein has SGT activity using a recombinant CD2 region expressed in Pichia (Fig. 7, A and B) .
Properties of SGT and SGT1 Mutants in Plants-As AtSGT1 was unique and no related genes were observed in the A. thaliana genome, we examined the properties of SGT1 mutants of Arabidopsis. We obtained a confirmed tDNA insertion line of AtSGT1 (SALK_059879C and SALK_054682) from the Arabidopsis Biological Resource Center (Fig. 8A) . Isolated homozygous tDNA insertion plants were used as AtSGT1 mutants. We then prepared microsomal fractions from the AtSGT1 mutant and wild-type Col-0 cells and compared the presence of SGT protein and SGT activity in these fractions. A specific antibody against a synthetic peptide that corresponds to a C-terminal cytosolic region of AtSGT recognized a 91-kDa polypeptide in the membrane fraction from Arabidopsis Col-0 cells, but no such polypeptide was detected in microsomal proteins from the tDNA insertion lines (Fig. 8B) . Likewise, AtSGT1 mutant cells had negligible SGT activity (Fig. 8C) .
To gain knowledge about the physiological influence of loss-offunction mutation in SGT on plants, we grew AtSGT1 mutant plants and analyzed morphological phenotypes. AtSGT1 mutants, especially in the vegetative stage, exhibited a phenotype of longer roots and larger leaves than Col-0 ( Fig. 8, D and E) . The reason for these phenotypes will be discussed later (see "Discussion").
Next, we transformed tobacco BY-2 cells to express an RNAi construct for NtSGT1. We then isolated transformed cell lines showing less expression of NtSGT1 mRNA, and we observed reduced SGT activity compared with untransformed cells (Fig.  7, C-E) , indicating that NtSGT1 is the sole or major SGT protein in tobacco.
To determine the localization of AtSGT1 in Arabidopsis cells, we prepared fractions termed P10 (an ER and plasma membrane-enriched fraction), P100 (a Golgi-enriched fraction), and S100 (a cytosol-enriched fraction) from Col-0 cells and analyzed AtSGT1 and marker proteins by immunoblotting with specific antibodies. AtSGT1 protein was predominantly observed in the P10 fraction, and SGT activity was also detected mainly in the P10 fraction (Fig. 9A) . To address the localization of AtSGT1 more precisely, we used sucrose density gradient centrifugation (Fig. 9, B and C) . In the absence of Mg 2ϩ , the pattern of migration of AtSGT1 and SGT activity could be detected in fractions 2-8. This pattern was similar to that observed for Sec61 and BiP, markers for the ER membrane. Because it is known that the density of the ER membrane changes depending on the presence of Mg 2ϩ , these results indicate that, like the ER markers BiP and Sec61, AtSGT1 is predominantly localized to the ER membrane.
DISCUSSION
We identified the gene for peptidyl serine O-galactosyltransferase, designated CrSGT1, through amino acid sequence analysis of purified C. reinhardtii SGT protein. CrSGT1 homologs were found in all plant genomes reported. SGT1 cDNA from C. reinhardtii, A. thaliana, and N. tabacum was cloned, and SGT activity of the encoded proteins was confirmed in yeast expression systems, indicating that SGT1 is widely distributed from unicellular algae to higher plants. The catalytic domains (CD2s) of SGT1 shared ϳ82% amino acid identity among dicotyledonous plants, 77% between dicotyledonous and monocotyledonous plants, and 37% between angiospermous plants and green algae (Fig. 4, A and B, and Table 2 ). SGT1 from all plants possessed a signal peptide and one or more catalytic domains, followed by transmembrane and cytosolic regions showing type I membrane protein topology, and it is the first known example of a glycosyltransferase with this membrane orientation (Fig. 4B) .
In the Carbohydrate-Active EnZYme Database, glycosyltransferase genes are classified as GTs (for glycosyltransferase) according to homology (50) . N-Glycans undergo a series of highly coordinated step-by-step enzymatic conversions occur- Fig. 4, A and B . B-D, recombinant CrSGT1 proteins (10 ng of CDϩUR or CD) were incubated at 30°C for 1 h with three types of acceptor peptides, and enzymatic products were analyzed by HPLC. The control was incubated with CDϩUR treated at 95°C for 10 min. Black and white arrowheads indicate enzymatic products of CrSGT1 and acceptor, respectively. The amino acid sequences of AtEXT, AtEXT-P, and AtEXTa peptides used as acceptors were, respectively, FITC-Ahx-VYKSOOOOV-NH 2 , FITC-Ahx-VYKSPPPPV-NH 2 , and FITC-GABA-KSOOOO-NH 2 . O indicates hydroxyproline. E, production of recombinant AtSGT1. Expressed recombinant proteins were separated by SDS-PAGE, and proteins were stained with Oriole fluorescent gel stain or subjected to immunoblot analysis. Recombinant AtSGT1 proteins were detected using an anti-FLAG tag antibody. Black arrowheads indicate recombinant AtSGT1 proteins. Expressed SGT regions (CD1ϩCD2, CD1, CD2) are also shown in Fig. 4, A and B . F-H, AtSGT1 proteins (200 ng of CD1ϩCD2, CD1, and CD2) expressed by P. pastoris were incubated at 30°C for 12 h with three acceptor peptides, and enzymatic products were analyzed by HPLC. The control was incubated with CD1ϩCD2 treated at 95°C for 10 min. Black and white arrowheads are same as B-D. B and F, a 10-g P100 fraction of C. reinhardtii CC-503 was also used for galactosyltransferase activity assay as shown in Fig. 1A , which is indicated as CrP100.
ring in the ER and Golgi apparatus. N-Glycosylation is highly conserved in all eukaryotes, including animals, plants, and fungi (51) (52) (53) (54) (55) . In contrast, neither protein O-mannosyltransferases (protein mannosyltransferase/protein O-mannosyltransferase, GT39) (56, 57) , which are involved in O-mannosylation in fungi and animals, nor polypeptide ␣-N-acetylgalactosaminyltransferases (ppGalNAcTs, GT27) (58) , which are involved in complex-type O-glycan synthesis in animals, have been found in plants. Instead, plants appear to have several unique O-glycosyltransferase activities, including those of SGT, HGT, and HPAT. Among these O-glycosyltransferase proteins, HGT and HPAT are classified in GT31 and GT8, respectively, whereas SGT1 has not been classified as a member of any reported GT family in the Carbohydrate-Active EnZYme Database. These observations indicated that some of the genes for O-glycosylation evolved independently after separation of these kingdoms.
Use of a cell wall-less strain (CC-503) to enable easy homogenization made possible the partial purification and identification of the CrSGT1 gene. When we used CrP100 of CC-503 as an enzyme source, galactosylation of Hyp in addition to Ser was detected. According to the previous report, continuous Hyp residues in extensin of plants were modified with O-arabino- 3) . A, requirement for nucleotide sugars. Assay mixtures were incubated with or without 5 mM various nucleotide sugars. 100% corresponds to 6.4 ϫ 10 2 unit (nmol/min/mg protein) with UDP-galactose. B, requirement for divalent metal cation. Assay mixtures were incubated with or without various divalent metals. 100% corresponds to 6.5 ϫ 10 2 unit (nmol/ min/mg protein) with manganese. C, optimal pH. Buffers for assay mixtures were 0.1 M sodium acetate (diamonds), 0.1 M MES-NaOH (squares), 0.1 M MOPS-NaOH (triangles), and 0.1 M Tris-HCl (circles). 100% corresponds to 6.0 ϫ 10 2 unit (nmol/min/mg protein) at pH 6.0 of 0.1 M MES-NaOH. D, optimal temperature. Assay mixtures were incubated at 20 -60°C. 100% corresponds to 6.1 ϫ 10 2 unit (nmol/min/mg protein) at 30°C. Serine ␣-Galactosyltransferase Genes in Plants furanose (21) . Therefore, the galactosylation of Hyp in an extensin motif is an unexpected result. In wild-type strain CC-125, peaks of products 2 and 3, indicating the galactosylation of Hyp, are very small but detectable, indicating that the galactosylation of Hyp occurs even in wild-type cells. It is possible that Hyp galactosyltransferase activity in CC-503 is hyperactivated to compensate for the cell wall defect. Because the galactosylation of Hyp was observed using an artificial acceptor substrate (AtEXT peptide), it remains to be elucidated whether Hyp residues in extensins are indeed galactosylated in vivo. Further study would be required to uncover mechanisms and physiological roles of the galactosylation of Hyp in the extensin motif.
An important issue is that the SGT activity is due to a single SGT gene in each plant species. To approach this issue, we tried structural analysis of Ser-O-␣Gal in AtSGT1 mutant plants by several methods, including quantitation of galactose after ␣-ga-lactosidase digestion or ␤-elimination. We also prepared extensin-rich fractions from BY-2 cells and NtSGT1-suppressed cells according to a published method (59) , digested them by ␣-galactosidase, and measured the amount of released galactose. However, reliable results were not obtained by these methods (data not shown). Therefore, we cannot exclude the possibility that other serine O-␣-galactosyltransferases exist, which have no amino acid sequence homology to the SGTs reported here.
A hypothetical model of the extensin biosynthetic pathway in plant cells is shown in Fig. 10 . Analysis of the localization of AtSGT1 in Arabidopsis cells indicated that AtSGT1 is predominantly localized to the ER membrane in this study. P4H is reportedly a resident protein in the lumen of the ER in vertebrate and mammalian cells (60 -62), whereas P4H is detectable not only in the ER but also in the Golgi apparatus in N. tabacum BY-2 cells (39). Because SGT recognizes hydroxyproline in the Fig. 4, A and B . B, NtSGT1 protein (200 ng CD2) expressed by P. pastoris was incubated at 30°C for 1 h with AtEXT peptide as an acceptor, and enzymatic products were analyzed by HPLC. The negative control was incubated with CD2 treated at 95°C for 10 min. Black and white arrowheads indicate enzymatic products of NtSGT1 and acceptor, respectively. The P100 fraction (10 g) of C. reinhardtii CC-503 was also incubated with an assay mixture containing AtEXT peptide as an acceptor at 30°C for 3 h, shown by CrP100. C, RNAi of NtSGT1 expression. The expression level of NtSGT1 was analyzed by reverse transcriptase-PCR. Total RNA was isolated from the NtSGT1-suppressed cells (RNAi) and BY-2 cells (wt) cultured for 8 days. Oligo(dT) 15 primers were used for reverse transcription. D, relative transcription level normalized to the transcription of actin (mean Ϯ S.D.; n ϭ 3). E, relative SGT activity (mean Ϯ S.D.; n ϭ 3). An SGT assay was carried out with 0.1 mg of the membrane fraction from NtSGT1-suppressed cells (RNAi), and wild-type cells were incubated for 20 min and 1, 3, and 8 h at 30°C. 100% corresponds to 0.3 ϫ 10 Ϫ3 unit (nmol/min/mg protein) incubated for 8 h with membrane fraction extracted from wt1. substrate, SGT must be located further downstream of the protein transport pathway than P4H. BecauseTLG2a and JIM84 antibodies are trans-Golgi but not cis-Golgi markers, it remains possible that the SGT is localized not only in the ER but also in the cis-Golgi.
The glycosyltransferases (SGT, HPATs, RRA, and XEG113), P4Hs, and extensins shown in Fig. 10 appear to be highly co-expressed with each other. A co-expression search using the PlaNet transcriptome co-expression platform (63) and the ATTED-II database (64 -66) showed co-expression of AtSGT1 (At3g01720), RRA3 (At1g19360), XEG113 (At2g35610), HPAT3 (At5g13500), and two P4H genes (At2g17720 and At3g06300). The pattern of AtSGT1 expression in the PlaNet dataset showed higher expression in roots of 17-and 21-day seedlings, as well as at ϳ0.30 to 2 mm from the root tip. In the same dataset, 16 out of 22 extensin genes showed a similar expression pattern, whereas only a small fraction of AGP genes showed such a pattern (supplemental Table 1 ). In the dataset in ATTED-II, AtSGT1 is highly co-expressed with P4H5, RRA3, and XEG113 in tissue, abiotic stress, and hormone-response conditions, respectively. The co-expression of these genes indicates that they might cooperatively act to glycosylate extensins. Serine ␣-Galactosyltransferase Genes in Plants JULY 25, 2014 • VOLUME 289 • NUMBER 30
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AtSGT1 mutants exhibited longer roots and larger rosettes than wild type (Fig. 8, D and E) . It does not seem that these phenotypes resulted from better growth than wild type. Extensins are considered to reinforce cell walls by fixing the distance of fine cellulose fibers and to have a role as negative regulator of cell extension (27) . Perhaps the extensins presumably altered in the mutant are responsible for producing a more extensible cell wall resulting in longer roots and larger rosettes. These phenotypes are different from that of mutants with defects in hydroxyproline arabinosylation (23, 24) , indicating that O-␣-galactosylation of serine residues in extensins plays a different role. Although we think the longer roots and the larger rosettes are caused by the loss of function of the extensins, more extensive phenotypic analysis must be essential to elucidate the physiological functions of extensins. FIGURE 9 . Subcellular localization of AtSGT1. A, subcellular fractionation of AtSGT1. P10, P100, and S100 fractions were prepared from Col-0 cells, and AtSGT1 and various markers were detected by immunoblotting with specific antibodies that recognize BiP or Sec61 (for the ER membrane), TLG2a or JIM84 (Golgi apparatus), PIP1 (plasma membrane), and AtSGT1. SGT activity in each fraction was also shown. 100% corresponds to 9.5 ϫ 10 Ϫ3 unit (nmol/min/mg protein) incubated with P10 fraction extracted from Col-0 for 10 h. B and C, total protein extract (excluding cell debris) was prepared from Col-0 cells in buffers containing either Mg 2ϩ (ϩMg) or EDTA (ϪMg). After sucrose density gradient centrifugation, the sample was separated into 14 fractions. The presence of AtSGT1 in these fractions was determined by immunoblotting and measurement of SGT activity. The distribution of marker proteins was analyzed by immunoblotting. 100% corresponds to 14.8 ϫ 10 Ϫ6 units and 26.8 ϫ 10 Ϫ6 units (nmol/min/fraction) incubated with fraction 1 in B and fraction 5 in C for 10 h, respectively. FIGURE 10. Schematic diagram of the SGT1 reaction. The proline residues of extensin motif (-SPPPP-) are hydroxylated by P4Hs to yield hydroxyproline residues in the ER. Subsequently, serine residues are modified with galactose by SGT1. The SGT1 reaction requires manganese ion and uses UDP-galactose as a donor substrate. After extensins are transported to the Golgi apparatus, oligoarabinose structures were assembled. After hydroxyproline residues are modified with ␤-arabinofuranose by HPAT1-3 (hydroxyproline O-arabinosyltransferase; At5g25265, At2g25260, and At5g13500), another ␤-1,2-linked arabinofuranose is transferred by RRA1-3 (reduced residual arabinose 1-3; At1g75120, At1g75110, and At1g19360), and then XEG113 (At2g35610) further transfers ␤-1,2-linked arabinofuranose (24) . Extensins are then transported and incorporated into the cell wall. Bold arrows indicate the protein transport pathway in plant cells.
